Extinction-based exposure therapy is the most common behavioral therapy for anxiety and trauma-related disorders, but fear tends to resurface even after successful extinction. Identification of novel strategies to enhance fear extinction and reduce fear relapse is of paramount importance to mental health. Exercise can enhance cognitive function, but it is not yet well understood whether exercise can be an effective augmentation strategy for fear extinction. In the current review, we present the current state of knowledge on the effects of exercise on fear extinction. Effects of exercise duration, explanations for conflicting results, and potential mechanisms, focusing on a hypothesized role for dopamine, are all discussed. We also provide new data suggesting that the timing in which acute exercise occurs relative to fear extinction, is a crucial variable in determining whether exercise can enhance fear extinction. Clinical implications and ideas to guide future research endeavors in this area are provided.
Introduction
Fear conditioning is an associative learning phenomenon during which a previously innocuous cue (conditioned stimulus; CS) comes to elicit an emotional fear response due to its association with an aversive event (unconditioned stimulus; US). Because of the involvement of fear conditioning and the pervasiveness of fear memories in anxiety and trauma-related disorders, such as post-traumatic stress disorder (PTSD), therapeutic efforts for the treatment of these disorders focus on the process of fear extinction. Indeed, fear extinction, which is the decrease in fear expression to a CS following repeated presentations of the fearevoking CS in the absence of the aversive US (Pavlov, 1927) , forms the basis of exposure-based psychotherapy. Prior work on identifying means to enhance fear extinction has been quite promising; however, the therapeutic efficacy of these strategies has thus far been inconsistent. This could partly be due to the fact that extinction memories are labile and susceptible to relapse phenomena, including spontaneous recovery of fear (return of fear following the passage of time; (Pavlov, 1927) ), fear reinstatement (return of fear following exposure to US; (Rescorla & Heth, 1975) ), and fear renewal (return of fear in contexts outside of the extinction context; (Bouton, 1988) ). Identification of novel strategies to enhance the effectiveness of existing cognitive and behavioral therapies for these common disorders is therefore of the utmost importance to mental health.
Exercise is an inexpensive and readily available tool for the prevention and treatment of a variety of mental health disorders. Indeed, the ability of exercise to prevent and reverse deleterious effects of adverse events has been well characterized (Greenwood & Fleshner, 2011) . In contrast, whether exercise can be used to augment traditional pharmacological or cognitive-behavioral therapies, such as exposure therapy, is not as well understood. Recent human and pre-clinical experiments investigating the effects of exercise on fear extinction have resulted in inconsistent and sometimes conflicting findings, resulting in confusion over the effects of exercise on fear extinction. Here we summarize findings regarding the effects of exercise on fear extinction and offer explanations for conflicting results. Data presented are consistent with the interpretation that although chronic (i.e. several weeks) of exercise does not seem to improve fear extinction, an acute bout of exercise, in the absence of an extensive exercise history, can enhance fear extinction and reduce fear relapse, but only if the acute exercise bout occurs during or immediately following fear extinction acquisition. Potential mechanisms by which acute exercise enhances fear extinction are provided, focusing on a role for dopamine (DA). Clinical implications and ideas for follow-up studies are provided throughout.
Effects of chronic exercise on fear extinction
Fig . 1A summarizes the effects of chronic exercise on fear extinction. A consistent finding across multiple experiments is that a history of repeated, chronic voluntary exercise over a period of several weeks does not facilitate fear extinction. This failure is despite the fact that chronic exercise increases plasticity factors implicated in learning and memory, including brain-derived neurotrophic factor (BDNF; (Neeper, Gomez-Pinilla, Choi, & Cotman, 1995) ), c-AMP response element binding protein (Chen & Russo-Neustadt, 2009 ) and mammalian target of rapamycin (Lloyd et al., 2017 ) in brain regions thought to be critical for fear extinction, such as the hippocampus, amygdala and prefrontal cortex. In fact, if chronic exercise occurs prior to fear conditioning, exercise can delay later extinction. For example, when rats are allowed several weeks of access to running wheels prior to contextual fear conditioning (1 week is without effect; (Greenwood, Strong, Foley, & Fleshner, 2009) ), exercised rats show enhanced contextual fear memory the next day, and delayed within-session extinction (Burghardt, Pasumarthi, Wilson, & Fadel, 2006; Falls, Fox, & MacAulay, 2010; Greenwood et al., 2009; Van Hoomissen, Holmes, Zellner, Poudevigne, & Dishman, 2004 ) that can persist across multiple days of extinction (Greenwood et al., 2009) . Rather than chronic exercise somehow impairing extinction mechanisms, this delayed extinction is most likely due to chronic exercise strengthening the initial fear memory, thereby making it more difficult to extinguish. Indeed, it is well established that chronic exercise can enhance memory consolidation, including consolidation of contextual fear conditioning (Falls et al., 2010) . Consistent with this interpretation is the observation that chronic voluntary exercise has no impact on fear extinction if extinction is assessed immediately after conditioning (Greenwood, Foley, Burhans, Maier, & Fleshner, 2005; Greenwood et al., 2003) , before exercise-induced plasticity has had a chance to enhance fear memory consolidation. Additionally, chronic exercise has been reported to delay extinction of both conditioned taste aversion (Tsuboi et al., 2015) and cocaine conditioned place preference (Mustroph, Stobaugh, Miller, DeYoung, & Rhodes, 2011) , but only when exercise also facilitated initial learning. These data suggest that when chronic exercise occurs prior to fear conditioning, it can delay fear extinction by making the initial fear memory more difficult to extinguish. But what if chronic exercise occurs only after initial fear memory acquisition?
Experiments limiting chronic exercise only to the period between fear conditioning and extinction can assess the effects of chronic exercise on fear extinction, in the absence of confounding effects of exercise on initial fear learning. We allowed rats either 1 or 6 weeks of access to running wheels after contextual fear conditioning, and observed that neither exercise duration was able to enhance fear extinction or reduce spontaneous recovery (Greenwood et al., 2009) . Although these data are consistent with the interpretation that chronic exercise does not impact fear extinction, this is the only experiment of which we are aware that has investigated the effects of chronic exercise specifically after fear conditioning on later fear extinction. Mustroph et al. (2011) report that 30 days of voluntary exercise initiated after the development of cocaine conditioned place preference can facilitate extinction of conditioned place preference in mice. Considering these data, more work should be done to better clarify the effects of postconditioning chronic exercise on fear extinction. Investigators employing post-conditioning exercise should interpret results with caution, however; as voluntary exercise initiated after contextual fear conditioning has been reported to enhance forgetting of contextual fear memory in both rats (Greenwood, Strong, Dorey, & Fleshner, 2007) and mice (Akers et al., 2014) . Studies investigating effects of post-conditioning exercise on fear extinction should thus be sure to include exercise groups not exposed to fear extinction, to control for exerciseinduced forgetting.
Clearly, evidence for beneficial effects of chronic exercise on fear extinction in typical fear conditioning experiments is lacking. Available data do not support the implementation of chronic exercise programs to augment exposure therapy. However, there are reasons other than augmentation of exposure therapy to implement exercise programs for clinical patients, such as improved mood and self-esteem, enhanced cognitive function, and anxiety reduction. Moreover, typical fear conditioning paradigms using only a few shocks during conditioning may not adequately model human anxiety and trauma-related disorders, which typically involve exposure to severely traumatic events. Animal models of PTSD which expose animals to more severe stressors reveal that stressor exposure can impair extinction of fear memories; an observation consistent with human PTSD (Jovanovic et al., 2010) . Notably, chronic exercise can prevent the impaired fear extinction that follows severe stressors, such as uncontrollable tail shock, even when exercise occurs prior to conditioning (Greenwood et al., 2003) . These data resemble the anxiolytic effects of exercise in tests of conflict anxiety, which appear most robust after the animals are exposed to stressful events (see (Greenwood & Fleshner, 2013; Sciolino & Holmes, 2012 ) for reviews). Therefore, although the animal data indicate a lack of a beneficial effect of chronic exercise on fear extinction under typical experimental conditions, chronic exercise is beneficial during situations which better resemble clinical anxiety and PTSD. Preliminary human data are consistent with this possibility as well. Exercise fails to augment virtual-reality exposure to reduce fear of spiders in a largely nonclinical population (Jacquart et al., 2017) , but is able to augment exposure therapy in patients diagnosed with PTSD (Powers et al., 2015) . The Powers et al., 2015 study used a small sample size, so more work should be done investigating the therapeutic effects of exercise in clinical populations. Fig. 1 . Exercise modulation of fear extinction. (A) Chronic exercise prior to fear conditioning delays fear extinction acquisition, likely by strengthening fear memory and making it more difficult to extinguish. Chronic exercise between fear conditioning and extinction has no impact on extinction. (B) Acute bouts of exercise prior to fear extinction (Before Ext. Acq.) does not impact extinction acquisition, recall or relapse. Exercise during the acquisition (During Ext. Acq.) or consolidation (After Ext. Acq.) phases of fear extinction learning improves fear extinction memory recall and reduces fear relapse. + enhancement of memory process; − impairment of memory process; 0 no effect on memory process, N/A not applicable.
Effects of acute exercise on fear extinction
The experiments discussed above were designed to test whether stable neuro-plastic changes produced in the brain by chronic exercise can enhance fear extinction. As such, these experiments separated extinction training or memory testing from an exercise bout by at least several hours. If the stable chronic exercise-induced adaptations are not sufficient to enhance fear extinction, then perhaps neurochemical events occurring during an exercise bout are. If this is the case, then in order to augment extinction, an exercise bout might need to be concurrent with fear extinction, or the two might at least need to occur in very close temporal proximity. Fear extinction learning includes critical phases of acquisition and consolidation. During the acquisition phase, the association between the fear-eliciting CS and the lack of the predicted aversive event is initially encoded. Later, during the consolidation phase, molecular processes take place in the neural circuits responsible for forming the long-term memory of fear extinction. Perhaps exercise bouts in close temporal proximity to fear extinction would enable exercise-induced neurochemical events to linger into the acquisition or consolidation phase of fear extinction learning. Moreover, perhaps neither the neurochemical events occurring during acute exercise, nor the potential therapeutic effects of recent exercise bouts, would depend upon an extensive history of exercise. This is an auspicious possibility from a clinical perspective, because while adherence to chronic exercise programs is notoriously low, single exercise bouts would be easy to implement in a clinical setting. If acute exercise bouts can augment fear extinction, then determining in which phase of fear extinction learning these need to occur would provide important mechanistic and clinical insights.
The question of whether an acute exercise bout, in the absence of a history of exercise, occurring in close temporal proximity to fear extinction can augment extinction was first addressed by Siette, Reichelt, and Westbrook (2014) , who reported that 3 h of access to running wheels either immediately prior to or immediately following extinction of contextual fear conditioning improved fear extinction recall the next day. An acute running bout occurring 6 h after extinction was without effect, suggesting that exercise needs to be concurrent with acquisition or consolidation (Siette et al., 2014) . Similarly, Mika et al. (2015) reported that rats allowed to run in wheels during auditory fear extinction, but not running by itself, displayed a reduction in fear renewal (indicated by freezing and corticosterone) when re-exposed to the auditory CS in a novel environment 1 week after extinction, compared to rats exposed to extinction in locked wheels. Based on these data, we might conclude that acute exercise bouts can enhance fear extinction regardless of the phase of extinction learning in which exercise occurs: prior to acquisition, during acquisition, or during consolidation. However, follow-up work indicates the relationship between acute exercise and fear extinction may not be so simple (effects of acute exercise, in the absence of a history of chronic exercise, on fear extinction are summarized in Fig. 1B) .
Two groups followed up on this initial work. Bouchet et al. (2017) investigated the impact of single voluntary exercise bouts occurring after fear extinction on proximal and distal fear extinction memory. Unlike the Siette et al. (2014 ) study, Bouchet et al. (2017 did not observe a significant improvement in retention of contextual fear extinction during a proximal memory test occurring 24 h following the first extinction session. However, Bouchet et al. (2017) allowed the rats to run again for 2 h after this proximal extinction memory test, which also served as an extinction session. When reassessed for distal retention of extinction memory 10 days later, rats that ran after multiple extinction sessions displayed a significant reduction in freezing that was dependent on the exercise being concurrent with the consolidation of contextual fear extinction, and not due to exercise-induced forgetting. Bouchet et al. (2017) also observed that post-extinction exercise rapidly augmented auditory fear extinction and reduced the later renewal of auditory conditioned fear in a novel context. The more rapid exercise augmentation of auditory, compared to contextual, fear extinction suggests that the extinction of fear memories of discrete cues might be more susceptible to exercise-augmentation than the extinction of contextual fear memories.
A few key differences between the Siette et al. (2014) and Bouchet et al. (2017) studies could explain why additional bouts of post-extinction exercise were required to augment contextual fear extinction in the latter. First are differences in duration or distance run following fear extinction. Rats in the Siette et al. (2014) study were allowed 3 h of wheel access after extinction, whereas rats in the Bouchet et al. (2017) study were only allowed 2 h. Both studies reported significant negative correlations between distance run after fear extinction and freezing during subsequent memory tests, suggesting that potential differences in distance run after extinction could influence the strength of the exercise effect. However, despite the longer duration of wheel access in the Siette et al. (2014) study, it appears that rats in the Siette et al. (2014) study ran less (average distance between 150 and 400 m) than those in the Bouchet et al. (2017) study (average of 707 m). A second, more likely explanation for the conflicting results is that the fear memory in the Bouchet et al. (2017) study was stronger, and therefore more difficult to extinguish. Bouchet et al. (2017) allowed all rats to run in wheels for 2 nights prior to conditioning to reduce neophobia to the wheels and to encourage later running after extinction. As we saw with chronic exercise experiments above, this pre-conditioning exercise could have strengthened the fear memory, making it more difficult to extinguish. Indeed, running distance prior to conditioning was positively correlated with freezing during conditioning (Bouchet et al., 2017) . Adding to this effect could be the fact that Siette et al. (2014) used only a single foot-shock to establish fear conditioning, whereas Bouchet et al. (2017) used 3. Finally, Siette et al. (2014) performed the extinction session during the inactive cycle, whereas Bouchet et al. (2017) performed the extinction sessions during the beginning of the active cycle, because this is when rats naturally choose to run in wheels. However, there is a circadian rhythm of fear extinction learning, whereby rats that learn fear extinction during the active cycle have improved fear extinction retention compared to rats exposed to fear extinction during the inactive cycle (Woodruff et al., 2015) . Together, these factors could have made it more difficult to observe an exercise effect in Bouchet et al. (2017) compared to Siette et al. (2014) . Nevertheless, the conclusion of both experiments is that brief bouts of voluntary exercise can augment fear extinction when the exercise occurs immediately after the fear extinction session, during the consolidation phase. Most important from a clinical perspective is that the results of Bouchet et al. (2017) also suggest that fear extinction augmented by post-extinction exercise can be resistant to relapse (both spontaneous recovery and renewal). Jacquart et al. (2017) further investigated the effects of pre-extinction voluntary exercise and observed that acute exercise prior to auditory or contextual fear extinction failed to augment extinction. Conditions of one experiment closely matched those used in the Siette et al. (2014) study. Rats with no history of wheel running were conditioned to fear a context with a single shock during conditioning. Rats were then allowed 3 h of access to a running wheel during the first few hours of the light cycle, followed immediately by a 10-min extinction session in the conditioning context. Extinction memory was assessed 24 h later, with no additional access to wheels. As pointed out by Jacquart et al. (2017) , the primary differences in design between their experiment and Siette et al. (2014) were rat strain (Sprague Dawley vs. Wistar) and housing conditions (2 per cage vs. 4 per cage). Jacquart et al. (2017) also failed to find an effect of pre-extinction exercise when rats were habituated to running wheels prior to extinction, when rats were exposed to auditory fear extinction rather than contextual, and when several shocks were used during conditioning. One standout factor in the Jacquart et al. (2017) experiments is the minimal distance run by the rats. The greatest distance run in these experiments appears to be 148 m over a period of 3 h; less than that reported in Siette et al.
(2014) and far less than the amount we have observed rats to run over a 2 h period after extinction (Bouchet et al., 2017) . This brings up the possibility that the conflicting reports on the effects of pre-extinction exercise bouts on fear extinction depends on the distance run prior to extinction.
3.i. Distance or timing?
Conflicting results on the effects of pre-extinction running on fear extinction memory could be due to differences in distance run by the rats between studies, or could be because exercise prior to fear extinction simply does not elicit as robust an augmentation of fear extinction as exercise after fear extinction, during the memory consolidation phase. Indeed, one could imagine a scenario in which transient neurochemical events elicited during exercise are able to support the consolidation of fear extinction, but these events do not linger long enough after an exercise session to support memory consolidation if exercise only occurs prior to extinction.
We set out to determine if acute exercise prior to fear extinction, like acute exercise after extinction, can improve fear extinction recall and reduce fear renewal. We used methods identical to those used in Bouchet et al. (2017) , except that half the rats were placed into locked or mobile wheels for 2 h immediately prior to auditory fear extinction, and the other half immediately after. Adult, male Long Evans rats (n = 57; age P50-P55 on arrival) purchased from Charles River (Wilmington, MA) were placed into mobile and locked running wheels on alternating nights for 4 consecutive nights (see Fig. 2A for experimental design and timeline). This was done to reduce neophobia, to ensure that locked and mobile wheel environments were equally familiar, and to promote later running behavior. Two days after this wheel habituation period (3 days after the last exposure to a mobile wheel), rats were exposed to auditory fear conditioning, as in our prior work (Bouchet et al., 2017) . All behavior was recorded with overhead cameras, and freezing during both the CS and inter-trial interval was scored automatically by EthoVision XT software (Noldus, Leesburg, VA). All rats acquired auditory fear conditioning equally, as indicated by increased time spent freezing during successive trials (F(3,162) = 93.11; p < 0.0001; data not shown). Rats were immediately returned to their home cages after fear conditioning and, approximately 36 h later, were exposed to auditory fear extinction, consisting of 20 CS presentations in a novel context in the absence of shock. Either immediately before or immediately after fear extinction, rats were placed into their familiar running wheels, which were either rendered immobile (Locked) or freely mobile (Mobile) for 2 h. Since rats prefer to run during their active (dark) cycle, fear extinction and the 2 h of wheel access occurred at the start of the dark cycle. Freezing levels decreased over trials (F(4, 216) = 96.35, p < 0.0001; data not shown), indicating successful fear extinction. Freezing during fear extinction did not significantly differ between groups (data not shown), which confirms previous work showing that exercise prior to fear extinction does not impact fear extinction acquisition (Jacquart et al., 2017; Siette et al., 2014) . Rats displayed robust running behavior regardless of whether running occurred before or after fear extinction (Fig. 2B ).
Exposure to 2 h of locked or mobile wheels either before or after fear extinction was repeated 24 h later, so that all rats received 2 fear extinction training sessions. The second of the fear extinction training Fig. 2 . Effects of acute exercise before or after fear extinction on fear extinction memory retention and relapse. (A) Experimental timeline. (B) Distance run before or after fear extinction. (C) Levels of freezing during the 2nd fear extinction training session, which also served as a fear extinction memory test. Exercise after fear extinction (After) improved fear extinction retention compared to both Locked controls and rats that ran before fear extinction (Before). (D) Levels of freezing during re-exposure to the auditory CS in a novel context, indicative of fear renewal. Exercise after, but not before, fear extinction reduced fear renewal. (E) Levels of freezing during re-exposure to the auditory CS 7 d after fear renewal. Exercise after, but not before, fear extinction reduced freezing relative to Locked controls during the first trial block. All data represent means ± SEM. * Indicates After group is different from Locked and Before groups (p < 0.05); ɸ Indicates After group is different from Locked controls (p < 0.05).
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Neurobiology of Learning and Memory 151 (2018) 28-34 sessions also served as a fear extinction memory test. Rats that exercised after the first fear extinction training session displayed significantly less freezing behavior during the fear extinction memory test, compared to both Locked rats and rats allowed to run before fear extinction ( Fig. 2C ; main effect of exercise: F (2, 54) = 4.04; p = 0.02; exercise x trial interaction: F (8, 216) = 2.28; p = 0.02). Similar results were observed upon re-exposure to the CS during both a fear renewal test in a novel context 24 h later ( Fig. 2D ; exercise x trial interaction: F(10, 270) = 1.95;p = 0.04) and a spontaneous recovery test in the extinction context 7 d later (Fig. 2E) . Freezing levels in all groups were very low during the spontaneous recovery test; however, rats that ran after extinction displayed lower levels of freezing than Locked rats during the first trial block (p < 0.05). These data indicate that acute exercise occurring after fear extinction, but not before, can improve extinction memory retention and reduce fear relapse. The failure of a pre-extinction acute exercise bout to enhance fear extinction is consistent with results of Jacquart et al. (2017) . However, unlike rats in the Jacquart et al. (2017) experiment that ran minimal distances prior to fear extinction, the current data reveal that acute exercise before fear extinction fails to augment extinction despite robust wheel running prior to fear extinction. Interestingly, these results confirm a recent meta-analysis of the literature, which predicts that the timing of acute exercise relative to fear extinction learning is a critical variable in determining whether acute exercise can successfully augment fear extinction; whereby only post-extinction exercise would augment extinction (Roquet & Monfils, 2018) . A final point of consideration is whether acute exercise can augment fear extinction in both sexes, as the work described so far used only male rats. We have observed that acute exercise fails to augment fear extinction in females, regardless of estrous phase and despite vigorous wheel running in females which surpassed that of the males (Bouchet et al., 2017) . Future work is required to determine conditions under which acute exercise can augment fear extinction in females, or whether acute exercise-augmentation of fear extinction is sex-dependent.
Potential mechanisms
Multiple physiological, endocrine, and neural factors could contribute to the ability of acute exercise to augment fear extinction. Fitzgerald and colleagues (2014) provide an excellent review of various factors that have been reported to enhance fear extinction (Fitzgerald et al., 2014) . As acute exercise can impact nearly all of these factors, including monoamine and amino acid neurotransmitters, glucocorticoids, growth factors, and endocannabinoids, any of these factors could be involved in the mechanisms by which exercise could enhance fear extinction. Addressing each of these factors individually is beyond the scope of this short review. Here, we provide insights gleaned from recent experiments that could help guide future mechanistic studies.
We have seen that the stable neural-adaptations that occur with chronic exercise are insufficient to augment fear extinction. Rather, for exercise to strengthen fear extinction, acute bouts of exercise must occur in close temporal proximity to the consolidation of fear extinction memory. These data imply that factors involved in exercise-augmentation of fear extinction must be sensitive to acute exercise, whereas their sensitivity to chronic exercise is irrelevant. Thus, exercise adaptations such as neurogenesis, altered gene expression within central serotonergic systems , as well as other changes requiring several days or weeks to develop, are unlikely to be involved in exercise-augmentation of extinction. Instead, rapid changes in hormonal, neurochemical and/or neuromodulator signaling are more likely involved. Glucocorticoids, for example, are elevated during acute bouts of voluntary exercise and can enhance fear extinction (Bentz, Michael, de Quervain, & Wilhelm, 2010) . Central norepinephrine (NE) and dopamine (DA) circuits are also recruited during exercise, and their signaling has been reported to enhance fear extinction (Abraham, Neve, & Lattal, 2014; Fitzgerald et al., 2014) . Further supporting involvement of these monoamines, NE and DA can rapidly increase intracellular signaling molecules and growth factors thought to be important for supporting fear extinction, such as extracellular-regulated kinase and BDNF. Powers et al., 2015 provide an excellent review of the potential role of BDNF in exercise-augmentation of fear extinction.
Acute exercise occurring during or immediately following fear extinction is unique in that it not only enhances fear extinction memory, it also reduces fear relapse. This point is critical, because factors that can enhance fear extinction memory are not necessarily successful at reducing later relapse. The disconnect between extinction and relapse could partly explain why strategies that successfully enhance exposure therapy in the clinic often have poor long-term efficacy. For example, administration of the NMDA agonist D-cycloserine can enhance extinction, but D-cycloserine does not seem to prevent renewal (Woods & Bouton, 2006) . Similarly, increasing NE transmission with the α2A adrenergic inhibitory-autoreceptor antagonist yohimbine can facilitate fear extinction, yet yohimbine's effect on extinction is context dependent, and fear extinction facilitated by yohimbine remains susceptible to renewal (Morris & Bouton, 2007) . When searching for mechanistic factors by which exercise augments fear extinction, these examples illustrate the need to consider the effects of potential factors on relapse phenomena, rather than extinction memory alone.
Even after narrowing potential mechanisms by which exercise enhances fear extinction down to those sensitive to acute exercise and able to prevent fear relapse, a laundry list of potential mechanisms remains. In fact, multiple factors could contribute to the mechanisms by which acute exercise enhances fear extinction. If exercise augments fear extinction through multiple mechanisms, then it is unlikely that blocking any one factor or mechanism would significantly reduce the exercise effect. Rather than attempting to identify which of the potential mechanisms is most involved in the exercise effect, research efforts in this area might be better spent using exercise as a tool to identify novel therapeutic targets. In other words, can activation of one of the potential exercise mechanisms be sufficient to enhance fear extinction in the absence of exercise? Such efforts could lead to novel therapeutic strategies for long-term treatment of anxiety and trauma-related disorders. Heeding this advice, we have investigated whether activation of a circuit traditionally viewed in the context of motor behavior, the nigrostriatal DA circuit, is sufficient to mimic the effects of acute exercise on fear extinction and relapse.
4.i. Proposed role for dopamine
DA stands out among the factors sensitive to acute exercise that could contribute to the ability of exercise to augment fear extinction and reduce relapse. DA circuits are likely recruited during acute exercise bouts to promote locomotor activity or goal-directed processes such as learning to run or choosing to run, and could contribute to the reinforcing effects of exercise (Knab & Lightfoot, 2010) . Several observations are consistent with the possibility that DA neurotransmission recruited during exercise could enhance fear extinction. High frequency (phasic) activity of DA neurons resulting in large concentrations of extracellular DA is thought to contribute to new learning. Phasic DA release (Badrinarayan et al., 2012) and cfos mRNA in D1 receptor-expressing neurons (Bouchet et al., 2018) , which are preferentially activated by phasic DA, are both increased in the striatum during fear extinction. These observations suggest that phasic DA signaling could be involved in the acquisition or consolidation of fear extinction memory. Furthermore, augmenting DA signaling can enhance fear extinction and reduce relapse. For example, systemic administration of DA reuptake inhibitors (Abraham, Cunningham, & Lattal, 2012) , the DA precursor L-DOPA (Haaker et al., 2013) , and D1 receptor agonists (Abraham, Neve, & Lattal, 2016) , during either the acquisition or consolidation phases of fear extinction learning, have all been reported to enhance recall of fear extinction and reduce various forms of relapse. The effects of DA on fear extinction; however, seem to be dependent on the specific DA receptor or brain region targeted. Indeed, systemic D2 receptor agonists can impair fear extinction (Ponnusamy, Nissim, & Barad, 2005) , potentially through actions in the hippocampus (Fiorenza, Rosa, Izquierdo, & Myskiw, 2012) or infralimbic region (IL) of the medial prefrontal cortex (Hitora-Imamura et al., 2015) .
The question of where in the brain DA acts to enhance fear extinction remains an active area of investigation. The nigrostriatal DA pathway, which consists of DA neurons originating in the substantia nigra (SN) and terminating in the dorsal striatum (DS), plays a critical role in movement, and thus represents a potential circuit through which acute exercise could augment fear extinction. The nigrostriatal pathway may seem like a strange circuit to associate with fear extinction; however, data suggest that exercise augments fear extinction through a circuit independent from typical fear extinction circuitry. Consistent with the established role of the IL in supporting fear extinction memory, levels of activity markers are often higher in the IL of rats that display improved fear extinction memory recall compared to their more fearful counterparts (Knapska & Maren, 2009 ). Mika et al. (2015) , however, observed that levels of cfos mRNA in the IL of rats allowed to run during fear extinction and expressing low levels of fear during a relapse test were no higher than levels observed in the IL of rats extinguished in locked wheels. Acute exercise may thus augment fear extinction through unique neural circuits independent of IL-mediated inhibition of fear. Consistent with a role for the nigrostriatal circuit in exerciseaugmented fear extinction, we observed potentiated expression of cfos mRNA in D1-expressing neurons in the DS during recall of relapse-resistant fear extinction in rats that previously ran during fear extinction, compared to rats previously extinguished in locked wheels (Mika et al., 2015) . These data suggest that D1-expressing neurons in the DS could be a site of plasticity involved in exercise-augmented fear extinction.
One way in which nigrostriatal DA and D1 receptor signaling in the DS could facilitate fear extinction is by contributing to the assignment of a positive emotional value to the CS. Emotional value has been suggested to contribute to fear extinction; whereby a negative emotional value is associated with the CS during fear conditioning, and a positive emotional value, stemming from the relief that comes from the lack of the predicted US, is associated with the CS during extinction (Tronson, Corcoran, Jovasevic, & Radulovic, 2012) . As nigrostriatal DA and DS D1-expressing neurons are increasingly associated with reward and reinforcement (Kravitz & Kreitzer, 2012; Lenz & Lobo, 2013) , nigrostriatal DA could support this emotional component to fear extinction.
If phasic DA and D1 receptor signaling in the DS contribute to the ability of exercise to augment fear extinction, then D1-expressing neurons sensitive to phasic DA must be either directly or indirectly connected to circuits able to inhibit fear. In the rodent, the primary output nucleus of the DS is the entopeduncular nucleus (EPN; analogous to the human internal globus pallidus). Inhibitory neurons in the EPN projecting to the motor thalamus are inhibited by GABAergic, D1-expressing neurons of the DS; thereby disinhibiting motor activity. This is the primary circuit through which the "direct pathway" of the DS promotes movement. However, the thalamus is not the only target of the EPN. A population of glutamatergic neurons in the EPN projects to, and activates, the lateral habenula (Shabel, Proulx, Trias, Murphy, & Malinow, 2012) , a stress-responsive region known for its involvement in aversion. The lateral habenula can influence the activity of downstream monoaminergic nuclei, including dorsal raphe serotonergic (5-HT) neurons implicated in anxiety and impaired fear extinction (Dolzani et al., 2016) . In fact, lesions of the lateral habenula have been recently reported to facilitate fear extinction (Song, Jo, Lee, & Choi, 2017) . These data suggest that by inhibiting the EPN-to-lateral habenula circuit, phasic activity of nigrostriatal DA neurons and subsequent D1 receptor signaling in the DS could communicate with the fear circuit and even facilitate fear extinction (Fig. 3) .
If activation of SN DA neurons and subsequent D1 signaling in the DS is an important contributor to the mechanisms by which acute exercise facilitates fear extinction, then activating this circuitry in the absence of exercise might be sufficient to enhance fear extinction and reduce relapse. If so, then the nigrostriatal DA circuit would represent a potential novel target for the treatment of anxiety and trauma-related disorders. Emerging technologies such as designer receptors exclusively activated by designer drugs (DREADDs) allow investigators unprecedented control over discrete neural populations during ongoing behavior. Viral-mediated expression of G q -coupled DREADDs in midbrain DA neurons elicits an increase in phasic activation of DA neurons in response to systemic administration of the synthetic ligand clozapine-N-oxide (CNO). Recent data indicate effects of CNO on their target DREADDs are mediated by back-metabolism of CNO to clozapine, which can have off-target effects (Gomez et al., 2017) . Inclusion of CNO control groups is therefore critical to interpretation of experiments using DREADDs. Using appropriate CNO controls consisting of rats with off-site viral injections receiving CNO, we observed that selective activation of SN DA neurons during fear extinction facilitates later recall of fear extinction memory and reduces fear renewal in a manner similar to exercise (Bouchet et al., 2018) . These data indicate that phasic activation of SN DA neurons is sufficient to mimic the effects of acute exercise on fear extinction. The nigrostriatal DA circuit and D1-expressing neurons in the DS could be an important circuit integrating motor activity during exercise with emotional consequences of exercise, including augmented fear extinction (Fig. 3) .
Conclusions
Although the stable neuro-plastic changes induced in the brain by exercise are not sufficient to enhance fear extinction, an acute bout of exercise temporally proximal to the consolidation phase of fear extinction learning can enhance the later recall of fear extinction memory and reduce fear relapse. Critical from a clinical perspective is the fact that an acute exercise bout can enhance fear extinction even in the absence of an extensive exercise history. These promising pre-clinical Fig. 3 . Proposed circuit through which nigrostriatal dopamine DA neurons recruited during acute exercise could communicate with fear circuits. Exercise-induced activation of D1 receptor (D1)-expressing, GABAergic neurons in the dorsal striatum could inhibit fear by inhibiting glutamatergic (Glu) neurons in the entopeduncular nucleus that activate the lateral habenula. Potential exercise-induced plasticity could occur within the nigrostriatal dopamine pathway or within D1 receptor-expressing neurons in the dorsal striatum. DA, dopamine; 5-HT, serotonin; GABA, gammaAminobutyric acid; + excitatory pathway; − inhibitory pathway. data should provide the impetus for further clinical investigations into the ability of acute exercise to augment exposure therapy. Exercise might have maximal effects if exercise bouts follow, rather than precede, sessions of exposure therapy, and if subjects are those most likely to have impaired fear extinction, such as patients diagnosed with clinical anxiety or trauma-related disorders. Clinical studies should include subjects of both sexes to determine if sex differences in the effects of exercise on fear extinction observed in rodents exist in humans. Neural circuits through which exercise augments fear extinction could involve multiple factors and circuits not before considered in fear extinction research, such as phasic activation of nigrostriatal DA neurons and subsequent D1 receptor signaling in the DS. Future research efforts should utilize acute exercise as a tool for identifying novel therapeutic factors.
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